The foam generated by the mixture of air and water has a much higher viscosity and lower mobility than those of pure water or gas that constitutes the air-water foam. The possibility of using the air-water foam as a flow barrier for the purpose of groundwater and soil remediation is explored in this paper. A nanoparticle-stabilized air-water foam was fabricated by vigorously stirring the nano-fluid in pressurized condition. The foam bubble size distribution was analyzed with a microscope. The viscosities of foams generated with the solutions with several nanoparticle concentrations were measured as a function of time. The breakthrough pressure of foam-saturated microfluidic chips and sand columns were obtained. The hydraulic conductivity of a foam-filled sand column was measured after foam breakthrough. The results show that: (1) bubble coalescence and the Ostwald ripening are believed to be the reason of bubble size distribution change; (2) the viscosity of nanoparticle-stabilized foam and the breakthrough pressures decreased with time once the foam was generated; (3) the hydraulic conductivity of the foam-filled sand column was almost two orders of magnitude lower than that of a water-saturated sand column even after the foam-breakthrough. Based on the results in this study, the nanoparticle-stabilized air-water foam could be injected into contaminated soils to generate vertical barriers for temporary hydraulic conductivity reduction.
Introduction
A foam is an aqueous dispersion of a gas in liquid, with thin films of liquid (called lamellae) separating gas bubbles. Foams are thermodynamically unstable, but the stability can be improved by surfactants [1] , solid particles [2] , polymers [3] , and biopolymers [4] . Compared with those foam stabilization methods, the use of nanoparticles for foam stabilization has several advantages such as durability under high-temperature [5] , high adhesion energy at interface [6, 7] , low retention of nanoparticles in reservoir rock [8, 9] , high CO 2 solvation capability [6] , and versatile functionality [9, 10] .
Stabilized foams have been used for enhanced oil/gas recovery (EOR) [11] [12] [13] [14] , the remediation of non-aqueous phase liquids (NAPLs) [15] [16] [17] , and CO 2 geological storage [18, 19] . The stabilized CO 2 -water foam can be used for geological CO 2 sequestration and CO 2 -enhanced oil recovery. Due to the high viscosity of CO 2 -water foam, high oil or water displacement efficiency can be achieved in oil production or geological CO 2 sequestration, which enhances oil recovery rate or CO 2 storage capacity. In addition, the nanoparticles injected for CO 2 sequestration will remain in pore spaces with CO 2 for a long-term and may prevent a rapid catastrophic failure in case CO 2 escapes through a crack or fault in CO 2 reservoirs.
In contrast to the considerable interest in studying CO 2 -water foam, there are not many studies on nanoparticle stabilized air-water foams. Some examples of previous study include the use for firefighting [20] and aquifer remediation [21] . Due to the ability to decrease the flow rate significantly, 
Foam Generation and Stability
The Parr stirrer (Model 4563, Parr Instrument Co., Moline, IL, USA) mixes two fluids to generate foam. The rotational speed of the stirrer is 1700 rpm. The volume of the stirring chamber is 300 mL. The air-nanofluid foam was generated by vigorously agitating a solution for 10 min at an air pressure of approximately 300 kPa. Foams made from the four types of fluid by a stirring method were collected into vials. Pictures were taken by a camera (D5200, Nikon, Melville, NY, USA) periodically to observe the foam stability in terms of a foam height. The volume fraction of gas in the generated foam was 0.75~0.85.
The foam stability as a function of time was obtained by comparing the normalized foam height. The generated foam was also introduced in between two microscope slides (the distance between two slides was 200 µm). Then, the stability of the bubbles in the foams was observed with a microscope (IN300TC-10MA, AmScope, Irvine, CA, ISA) and the bubble size distribution was obtained from time-lapse (30 min interval) images by using ImageJ.
Viscosity Measurement and Calculation
The AEROSIL R974 solution was used to generate a foam. The viscosity of the foam was obtained by measuring the pressure difference between two ends of a stainless steel tube with a known length when a foam flows through the tube at a known flow rate (Figure 1a) . A syringe pump (KDS 410P, Analytical West, Corona, CA, USA) and plastic syringes were used to collect the foam from the Parr stirrer and inject the foam into the stainless steel tube. The inner diameter of the stainless steel tube was 0.533 mm, and the total length of the tube was 124 cm. Two pressure transducers (PX309, Omega, Norwalk, CT, USA) were attached at two locations of the tube separated by 41 cm. The viscosity (η) was calculated by dividing the shear stress τ with the shear rate γ [19, 28, 40, 43, 44] : The shear stress τ is determined by the shear force F and the area A parallel to the applied force vector:
The shear rate γ of a Newtonian fluid flowing within a pipe is determined:
The viscosity of foam can be calculated:
In Equation (4), ∆P is the pressure difference between two tube locations, R is the inner radius of the tube, L is the length of the tube, Q is the flow rate, v is the flow velocity, and η is the viscosity. 
The shear stress τ is determined by the shear force F and the area A parallel to the applied force vector:
In Equation (4), ΔP is the pressure difference between two tube locations, R is the inner radius of the tube, L is the length of the tube, Q is the flow rate, v is the flow velocity, and η is the viscosity. The effect of time on the viscosity of foams was investigated for the AEROSIL R974 solutions with 0.5 wt %, 1 wt %, and 2 wt % nanoparticle concentrations. The initially generated foams were introduced to several syringes and sealed for the viscosity measurement at different times. The foam prepared and stored in each syringe was injected into the capillary tube for the viscosity measurement.
Breakthrough Pressure Measurement-Microfluidic Chip
The experimental configuration is shown in Figure 1 . The microfluidic chip (Micronit, Enschede, The Netherlands) that was used had 377 grains with diameter of 800 µm and the pore throat of the chip was 105 µm (refer to a similar experimental setup for foam flow [45] ). A stainless steel syringe could inject water or foam into the microfluidic chip. A high prescision pressure transducer (PX329-002G5V, Omega, Norwalk, CT, USA) measured input pressure. A camera (Nikon D5200 with an AF-S Micro Nikkor lens) took a picture to show the displacement pattern. Once the microfluidic chip was saturated with a foam, the pressure was slowly increased by injecting water through a syringe pump at constant flow rate of 4 µL/min.
The breakthrough pressure P B was defined as the pressure of the water invading into the foam-saturated microfluidic chip when a water percolation path from the input to output port of the microfluidic chip occurred. During the injection of water at a slow flow rate, the water pressure increased until the water percolation path was obtained. As soon as there was a water percolation, the water flowed through the percolated channel, then, the water pressure decreased. Therefore, the maximum pressure difference between the input and output port of the microfluidic chip was called the breakthrough pressure P B (shown in the inset figure of Figure 2b ). The effect of time on the viscosity of foams was investigated for the AEROSIL R974 solutions with 0.5 wt %, 1 wt %, and 2 wt % nanoparticle concentrations. The initially generated foams were introduced to several syringes and sealed for the viscosity measurement at different times. The foam prepared and stored in each syringe was injected into the capillary tube for the viscosity measurement.
The experimental configuration is shown in Figure 1 . The microfluidic chip (Micronit, Enschede, The Netherlands) that was used had 377 grains with diameter of 800 μm and the pore throat of the chip was 105 μm (refer to a similar experimental setup for foam flow [45] ). A stainless steel syringe could inject water or foam into the microfluidic chip. A high prescision pressure transducer (PX329-002G5V, Omega, Norwalk, CT, USA) measured input pressure. A camera (Nikon D5200 with an AF-S Micro Nikkor lens) took a picture to show the displacement pattern. Once the microfluidic chip was saturated with a foam, the pressure was slowly increased by injecting water through a syringe pump at constant flow rate of 4 μL/min.
The breakthrough pressure PB was defined as the pressure of the water invading into the foam-saturated microfluidic chip when a water percolation path from the input to output port of the microfluidic chip occurred. During the injection of water at a slow flow rate, the water pressure increased until the water percolation path was obtained. As soon as there was a water percolation, the water flowed through the percolated channel, then, the water pressure decreased. Therefore, the maximum pressure difference between the input and output port of the microfluidic chip was called the breakthrough pressure PB (shown in the inset figure of Figure 2b ). As soon as the foams were generated from the 0.5 wt % AEROSIL R974 solution for the previous viscosity measurement, the same foams were also injected into three identical microfluidic chips for breakthrough pressure measurement. Then, the three chips were used for breakthrough pressure measurement on the first, third, and seventh day after the foam injection. As soon as the foams were generated from the 0.5 wt % AEROSIL R974 solution for the previous viscosity measurement, the same foams were also injected into three identical microfluidic chips for breakthrough pressure measurement. Then, the three chips were used for breakthrough pressure measurement on the first, third, and seventh day after the foam injection.
Breakthrough Pressure and Hydraulic Conductivity Experiment-Sand Column
The graded Ottawa sands (Humboldt Mfg. Co., Elgin, IL, USA) were used for the column test. The specific gravity was 2.65. The effective diameter D 10 , D 30 , and D 60 were 0.27 mm, 0.35 mm, and 0.46 mm, respectively. The coefficient of uniformity was C u = 1.66, and coefficient of curvature was C c = 0.98. The sands (total weight 1150 g) were compacted into a permeameter (Humboldt Mfg. Co.) that was 7.62 cm in diameter and 15.0 cm in length. Three permeameter cells filled with sands with the same porosity (36%) were prepared.
The foam generated from the 0.5 wt % AEROSIL R974 solution by using the Parr mixer was introduced to a water-saturated sand column through the bottom port of the permeameter. The weight of displaced water was used for the calculation of foam saturation. The foam injection was stopped when the foam flowed out steadily from the outlet.
The breakthrough pressure of a sand column was measured by injecting water at 0.8 mL/min flow rate (Figure 1b) . The breakthrough pressure of the first sand column was measured as soon as the foam was injected. The breakthrough pressures for the rest of the two sand columns were measured at four and seven days after the foam is injected.
A falling-head test method was used to measure the hydraulic conductivity of the foam-filled sand columns after the foam breakthrough. The hydraulic conductivity of a clean sand column was measured before a foam was injected. The hydraulic conductivity of the foam-filled sand columns was measured on the first, fourth, and seventh day after the foam breakthrough.
Results and Analyses

Foam Stability
Foam stability identified by the height of foams as a function of time was dependent on nanoparticle type and the presence of surfactants (Figure 3 ). The foam produced from the AEROSIL R974 solution had the highest stability among the four types of solutions. The height of the foam generated from the AEROSIL R974 solution was maintained over 80% of the original height even after 17 days. However, if the surfactant (0.1 wt % of SDS) was added to the AEROSIL R974 solution, the foam stability was dramatically reduced. The foam height of the solution dropped down to 10% of the initial height within 30 min. This may have been because the wettability of the nanoparticles in the AEROSIL R974 solution was modified to be strongly hydrophilic due to the SDS surfactant adsorption onto the nanoparticle surface [2, 29] . Once the surface of nanoparticles became hydrophilic after the SDS surfactants were adsorbed on the nanoparticle surface, the foam stability decreased. 
Breakthrough Pressure and Hydraulic Conductivity Experiment-Sand Column
The graded Ottawa sands (Humboldt Mfg. Co., Elgin, IL, USA) were used for the column test. The specific gravity was 2.65. The effective diameter D10, D30, and D60 were 0.27 mm, 0.35 mm, and 0.46 mm, respectively. The coefficient of uniformity was Cu = 1.66, and coefficient of curvature was Cc = 0.98. The sands (total weight 1150 g) were compacted into a permeameter (Humboldt Mfg. Co.) that was 7.62 cm in diameter and 15.0 cm in length. Three permeameter cells filled with sands with the same porosity (36%) were prepared.
Results and Analyses
Foam Stability
Foam stability identified by the height of foams as a function of time was dependent on nanoparticle type and the presence of surfactants (Figure 3) . The foam produced from the AEROSIL R974 solution had the highest stability among the four types of solutions. The height of the foam generated from the AEROSIL R974 solution was maintained over 80% of the original height even after 17 days. However, if the surfactant (0.1 wt % of SDS) was added to the AEROSIL R974 solution, the foam stability was dramatically reduced. The foam height of the solution dropped down to 10% of the initial height within 30 min. This may have been because the wettability of the nanoparticles in the AEROSIL R974 solution was modified to be strongly hydrophilic due to the SDS surfactant adsorption onto the nanoparticle surface [2, 29] . Once the surface of nanoparticles became hydrophilic after the SDS surfactants were adsorbed on the nanoparticle surface, the foam stability decreased. The stabilities of the foams made by CTAB solution and NYACOL DP9711 solution including CTAB were similar: they were destabilized dramatically at time = 10 h after the foam generation. The foam made from NYACOL DP9711 solution was destabilized quickly as soon as it was generated; the result is not included in Figure 3. 
Bubble Size Distribution
A very small amount of the foam generated from AEROSIL R974 solution was introduced in between two microscope slides. The initial bubble size of the foam ranged from 25 µm to 350 µm. Figure 4a shows the air bubbles as a function of time after the foam was generated. The bubble size distribution is shown in Figure 4b . The measured viscosity of the foam as soon as it was generated is η = 11.7 cP. The distance between two slides was d = 200 µm. Therefore, for the bubble whose radius was less than 100 µm, the radius R was taken as measured R m . For the bubble whose radius was larger than R = 100 µm (the bubble should be squeezed in between two microscope slides), a radius of the bubble in spherical shape was calculated [46] :
As shown in Figure 4b , initially the most frequent radius of bubbles was 50 µm, and few bubbles larger than 300 µm were also observed. The total number of bubbles was N = 190 at the initial observation. At time = 3 h, the total number of bubbles decreased down to N = 144, and the most frequent radius increased to around R = 75 µm. The maximum radius was R = 340 µm. At the time of 9 h after the foam generation, the total number of bubbles was N = 95 and the most frequent radius increased up to R~100 µm. The maximum radius increased to R = 370 µm. This phenomenon can be explained by bubble coalescence and the Ostwald ripening effect in which larger bubbles continue to grow at the expenses of smaller bubbles. Based on the analysis in Figure 4 , the size of bubbles smaller than R = 100 µm decreased and some of the small bubbles disappeared, and bubbles bigger than R = 100 µm continued to grow in their sizes. Additionally, at time = 21 h, the total number of bubbles reduced by only three (N = 92), and the most frequent radius was maintained at R = 100 µm. The maximum bubble radius was R = 400 µm. The stabilities of the foams made by CTAB solution and NYACOL DP9711 solution including CTAB were similar: they were destabilized dramatically at time = 10 h after the foam generation. The foam made from NYACOL DP9711 solution was destabilized quickly as soon as it was generated; the result is not included in Figure 3. 
A very small amount of the foam generated from AEROSIL R974 solution was introduced in between two microscope slides. The initial bubble size of the foam ranged from 25 μm to 350 μm. Figure 4a shows the air bubbles as a function of time after the foam was generated. The bubble size distribution is shown in Figure 4b . The measured viscosity of the foam as soon as it was generated is η = 11.7 cP. The distance between two slides was d = 200 μm. Therefore, for the bubble whose radius was less than 100 μm, the radius R was taken as measured Rm. For the bubble whose radius was larger than R = 100 μm (the bubble should be squeezed in between two microscope slides), a radius of the bubble in spherical shape was calculated [46] :
As shown in Figure 4b , initially the most frequent radius of bubbles was 50 μm, and few bubbles larger than 300 μm were also observed. The total number of bubbles was N = 190 at the initial observation. At time = 3 h, the total number of bubbles decreased down to N = 144, and the most frequent radius increased to around R = 75 μm. The maximum radius was R = 340 μm. At the time of 9 h after the foam generation, the total number of bubbles was N = 95 and the most frequent radius increased up to R ~ 100 μm. The maximum radius increased to R = 370 μm. This phenomenon can be explained by bubble coalescence and the Ostwald ripening effect in which larger bubbles continue to grow at the expenses of smaller bubbles. Based on the analysis in Figure 4 , the size of bubbles smaller than R = 100 μm decreased and some of the small bubbles disappeared, and bubbles bigger than R = 100 μm continued to grow in their sizes. Additionally, at time = 21 h, the total number of bubbles reduced by only three (N = 92), and the most frequent radius was maintained at R = 100 μm. The maximum bubble radius was R = 400 μm.
(a) Here, two competing processes existed: the Ostwald ripening effect (originating from the mass transfer from small bubbles to large bubbles) and the existence of nanoparticles at the interface (impeding the mass transfer between the bubble and the surrounding fluid). In the literature, the existence of surfactants at the interface is shown to affect mass transfer rate through the interface [47, 48] . Based upon the aforementioned observation, the reason why active Ostwald ripening process was observed for the first 9 h may be because initially there could be high solubility gradient from small bubbles to large bubbles and this could overcome the effect of nanoparticles on preventing mass transfer, but later once the small bubbles have disappeared, the nanoparticles at the interface can slow down the mass transfer due to the reduced solubility gradient. In addition, the bubble coalescence might contribute to the bubble size change [49] .
Effects of Time and Nanoparticle Concentration on Foam Viscosity
For the foam generated with the 0.5 wt % solution, the viscosity measurement was repeated five times at time = 0.2, 24, 72, 121, and 169 h after the foam generation, and only one viscosity measurement was conducted for the 1 wt % and 2 wt % solutions at the same time condition. As shown in Figure 2a , the viscosity of the foam decreased with increasing time. For the 0.5 wt % solution, the viscosity decreased from η = 27 cP to η = 7 cP during the initial 72 h, and thereafter it dropped very slowly down to η = 4.4 cP at t = 167 h. Note that the water viscosity was η = 0.89 cP at T = 297 K and atmospheric pressure condition [50] .
The viscosities of the foams for the 1 wt % and 2 wt % solution were higher than the viscosity of the foam for the 0.5 wt % solution at a given time condition. However, the difference in viscosities between the 1 wt % and 2 wt % solutions was not clearly pronounced.
The inner diameter of the stainless steel tube that was used for viscosity measurement was 533 micron and the maximum bubble diameter of the foam shown in Figure 4a was 650 micron, therefore, a large bubble can plug fluid flow through the tube, which means that pressure drop along the tube was controlled by the friction between the large bubble and the tube wall. The effect of bubble size, liquid fraction, and fluid velocity on the friction has been explored by Cantat [51] .
Breakthrough Pressure in a Microfluidic Chip
The breakthrough pressure for the foams generated from the 0.5 wt % AEROSIL R974 solution decreased with time. The breakthrough pressure was PB ~ 30 kPa initially, then decreased to PB ~ 14 kPa after three days, and PB ~ 8 kPa after seven days. The reduction in the viscosity and breakthrough pressure was a result of the foam degradation as a function of time. The viscosities of all foams decreased with time. The decreasing rate during the initial 72 h was relatively high, and then the viscosities were maintained almost constantly until 168 h. This trend was also captured by the breakthrough pressure measurement. Here, two competing processes existed: the Ostwald ripening effect (originating from the mass transfer from small bubbles to large bubbles) and the existence of nanoparticles at the interface (impeding the mass transfer between the bubble and the surrounding fluid). In the literature, the existence of surfactants at the interface is shown to affect mass transfer rate through the interface [47, 48] . Based upon the aforementioned observation, the reason why active Ostwald ripening process was observed for the first 9 h may be because initially there could be high solubility gradient from small bubbles to large bubbles and this could overcome the effect of nanoparticles on preventing mass transfer, but later once the small bubbles have disappeared, the nanoparticles at the interface can slow down the mass transfer due to the reduced solubility gradient. In addition, the bubble coalescence might contribute to the bubble size change [49] .
Effects of Time and Nanoparticle Concentration on Foam Viscosity
Breakthrough Pressure in a Microfluidic Chip
The breakthrough pressure for the foams generated from the 0.5 wt % AEROSIL R974 solution decreased with time. The breakthrough pressure was P B~3 0 kPa initially, then decreased to P B~1 4 kPa after three days, and P B~8 kPa after seven days. The reduction in the viscosity and breakthrough pressure was a result of the foam degradation as a function of time. The viscosities of all foams decreased with time. The decreasing rate during the initial 72 h was relatively high, and then the viscosities were maintained almost constantly until 168 h. This trend was also captured by the breakthrough pressure measurement.
Breakthrough Pressure and Hydraulic Conductivity of Foam-Filled Sand Columns
Three sand columns with the same porosity n = 0.36 were used for this test. The hydraulic conductivity of water-saturated sand column was k~0.46 mm/s. The foam generated from the 0.5 wt % AEROSIL R974 solution was injected into each sand column. The breakthrough pressure was measured at time = 0, 4, and 7 days after the foam injection. Thereafter, the hydraulic conductivity was measured at time = 0, 4, and 7 days after the breakthrough. Figure 5 shows the breakthrough pressure and the hydraulic conductivity evolution after breakthrough. The breakthrough pressure decreased with increasing time, which was also shown in the microfluidic chip test. The breakthrough pressure dropped quickly during the first four days and then decreased slowly. Actual values of the breakthrough pressure of sand columns were smaller than those of the microfluidic chip. This was because (1) the size of pore throats was smaller for the microfluidic chip than the sand column (a small pore throat limits the mobility of gas bubble; higher pressure is required for gas bubble to pass through a smaller pore throat); and (2) a three-dimensional sand column may have a heterogeneous pore size distribution so that the water may have had a better chance to find the drainage path at lower water pressure. 
Three sand columns with the same porosity n = 0.36 were used for this test. The hydraulic conductivity of water-saturated sand column was k ~ 0.46 mm/s. The foam generated from the 0.5 wt % AEROSIL R974 solution was injected into each sand column. The breakthrough pressure was measured at time = 0, 4, and 7 days after the foam injection. Thereafter, the hydraulic conductivity was measured at time = 0, 4, and 7 days after the breakthrough. Figure 5 shows the breakthrough pressure and the hydraulic conductivity evolution after breakthrough. The breakthrough pressure decreased with increasing time, which was also shown in the microfluidic chip test. The breakthrough pressure dropped quickly during the first four days and then decreased slowly. Actual values of the breakthrough pressure of sand columns were smaller than those of the microfluidic chip. This was because (1) the size of pore throats was smaller for the microfluidic chip than the sand column (a small pore throat limits the mobility of gas bubble; higher pressure is required for gas bubble to pass through a smaller pore throat); and (2) a three-dimensional sand column may have a heterogeneous pore size distribution so that the water may have had a better chance to find the drainage path at lower water pressure. The hydraulic conductivity was measured at time = 0, 4, and 7 days after the water. The hydraulic conductivity of the foam-filled sand column was almost two orders of magnitude lower than that of the water-saturated sand column even after the water breakthrough. Due to this reduced hydraulic conductivity even after the water breakthrough, the stabilized foam could be used to control hydraulic conductivity for a temporary method.
Conclusions
Nanoparticle-stabilized air-water foams were generated from several nanoparticle and surfactant solutions by mixing method. The properties of foam and foam-filled microfluidic chips and sand columns were investigated. The hydraulic conductivity was measured at time = 0, 4, and 7 days after the water. The hydraulic conductivity of the foam-filled sand column was almost two orders of magnitude lower than that of the water-saturated sand column even after the water breakthrough. Due to this reduced hydraulic conductivity even after the water breakthrough, the stabilized foam could be used to control hydraulic conductivity for a temporary method.
Nanoparticle-stabilized air-water foams were generated from several nanoparticle and surfactant solutions by mixing method. The properties of foam and foam-filled microfluidic chips and sand columns were investigated.
The foam generated from AEROSIL R974 solution shows high stability: the normalized height of the foam was maintained at over 80% of the initial height even after 17 days. Bubble coalescence and the Ostwald ripening effect might contribute to the change in the bubble size distribution in the foam. The viscosity of the foam was η = 25 cP initially and decreased down to η = 4.4 cP after one week. The foam generated with higher nanoparticle concentration solution showed higher viscosities, but there was no apparent difference between the 1 wt % and 2 wt % solutions.
Breakthrough pressures for the microfluidic chip and sand column decreased with the time since the foam was injected. Additionally, the hydraulic conductivity of the foam-filled sand columns right after the water breakthrough also increased with time, but the values of the foam-filled sand columns were almost two orders of magnitude lower than the hydraulic conductivity of the water-saturated sand column.
The results of this study show that there is a possibility of injecting nanoparticle-stabilized air-water foam into the ground to prevent contaminant transport along with groundwater flow, but further research considering different soil types, contaminant types, foam durability, and up-scaling techniques from lab to in-situ test is needed.
